A fermion dark matter candidate with a relic abundance set by annihilation through a pseudoscalar can evade constraints from direct detection experiments. We present simplified models that realize this fact by coupling a fermion dark sector to a two-Higgs doublet model. These models are generalizations of mixed bino-Higgsino dark matter in the MSSM, with more freedom in the couplings and scalar spectra. Annihilation near a pseudoscalar resonance allows a significant amount of parameter space for thermal relic dark matter compared to singlet-doublet dark matter, in which the fermions couple only to the SM Higgs doublet. In a general two-Higgs doublet model, there is also freedom for the pseudoscalar to be relatively light and it is possible to obtain thermal relic dark matter candidates even below 100 GeV. In particular, we find ample room to obtain dark matter with mass around 50 GeV and fitting the Galactic Center excess in gamma-rays. This region of parameter space can be probed by LHC searches for heavy pseudoscalars or electroweakinos, and possibly by other new collider signals.
I. INTRODUCTION
Is weak-scale dark matter (DM) still a viable scenario? At face value, a DM candidate of mass 10-1000 GeV with weak-scale interactions can easily have a thermal relic abundance matching the observed value of Ω cdm h 2 ≈ 0.1199 ± 0.0027 [1] . However, the annihilation process is generically related by crossing symmetry to interactions in direct detection experiments and at colliders, both of which are becoming increasingly restrictive for this range of DM masses. To satisfy these constraints requires more ingredients or tunings in many existing models.
One simple and attractive possibility is that the DM interaction with Standard Model (SM) particles is suppressed in the non-relativistic limit in the t-channel (direct detection) while preserving a weak-scale cross section in the s-channel (for a thermal relic). This requirement is satisfied by a pseudoscalar mediator coupling to fermion DM and to SM fermions:
Because the pseudoscalar interaction breaks chiral symmetry, the coupling of A with SM fermions is generically proportional to the SM Yukawa couplings y f (λ f ∝ y f ). Therefore, since the pseudoscalar has larger couplings to third-generation quarks and leptons, collider constraints are typically weaker. Integrating out the pseudoscalar gives the dimension six operators
These contact operators have been considered in Refs. [2] [3] [4] [5] [6] [7] , which motivated collider signals with MET and a single jet or b-jet as a new search channel for DM. In order to provide a concrete but simple realization of this interaction, the approach taken in this paper is to build a simplified model of DM coupled to a new pseudoscalar mediator. The philosophy is to add a minimal set of new matter fields with renormalizable and gaugeinvariant couplings [8] . Our models also provide a UVcompletion (at least at scales relevant to the LHC) of the type of contact interactions discussed above.
Since the SM does not contain a fundamental pseudoscalar, we focus our study on two-Higgs doublet models (2HDM). We note that the simplest cases of Higgs-portal models connecting DM to the SM through Higgs mediation are highly constrained [9] [10] [11] . In particular, existing models have studied singlet-doublet fermion sectors coupled to the SM Higgs [12] [13] [14] , while our work generalizes this to 2HDMs. Within the 2HDM framework, the pseudoscalar interaction with DM carries unavoidable interactions of DM to the CP-even scalars as well. However, compared to the usual Higgs portal models, in a general 2HDM, it is possible to obtain parametrically larger couplings of DM to the pseudoscalar (or heavy Higgs) than to the light Higgs, in this way alleviating the various constraints.
The possibility of resonant annihilation through the pseudoscalar also permits a more sizable parameter space for DM to be a thermal relic. As we will show, much of the open parameter space is in the region where m χ ∼ m A /2. This is the analog of the so-called "A-funnel" region in the Minimal Supersymmetric Standard Model (MSSM). Still, it is important to note that, even if the DM mass is not tuned to be very close to m A /2, we can obtain a thermal DM and satisfy the constraints from direct detection and from the LHC.
Another motivation to consider models with DM mainly annihilating through the A-funnel comes from the intriguing results for DM annihilation in the gamma-ray sky [15] [16] [17] [18] [19] [20] [21] . Studies of the Fermi gamma-ray data show an excess diffuse component around the Galactic Center (GC) that is consistent with DM annihilation. The spectrum peaks at around 2-3 GeV, which suggests a DM candidate with mass smaller than around 100 GeV, and the signal follows an NFW profile. Many theoretical studies have explored simplified scenarios [22] [23] [24] , as well as more UV-complete models, for the Galactic Center Excess (GCE). In particular, light DM with mass around ∼ 50 GeV annihilating mainly to bottom quarks and tau leptons has been identified as giving a good fit to the data. More recently, after the new Fermi analysis around the GC region [25] , it has been shown that reasonable fits may also be obtained with a heavier DM annihilating dominantly to di-Higgs [26] [27] [28] .
A number of previous works have identified the pseudoscalar case as a promising candidate to fit the GCE [29] [30] [31] [32] [33] [34] [35] [36] [37] . In a number of these models, in order to satisfy various experimental constraints, a new light pseudoscalar which mixes with the pseudoscalar in the 2HDM is introduced, while the new scalars in the 2HDM itself are relatively decoupled [30] [31] [32] . The new feature of our model is that we rely purely on the pseudoscalar of the 2HDM, but consider more general 2HDMs and dark sector spectra.
The paper is organized as follows. In Section II we review aspects of general 2HDMs and we fix our notation. Furthermore, we motivate the scalar spectra considered in the following sections. Section III discusses the model-independent collider constraints on the simplified model, covering heavy Higgs searches and searches with MET. We then turn to specific models, beginning with a brief discussion on extended Higgs portal models for both scalar and fermion DM in Section IV. Our main analysis is contained in Section V for fermion DM coupled to a 2HDM. We consider a range of constraints on the model, and present viable parameter space both for heavier DM (∼150 GeV) in Section V C and specifically for the GCE in Section V D. We reserve Section VI for our conclusions. In the appendices, we elaborate on 2HDM benchmarks for the GCE (Appendix A) and give analytic formulae for Higgs couplings to DM in our model (Appendix B).
II. TWO HIGGS DOUBLETS
The most general renormalizable Higgs potential of a 2HDM can be written as The Higgs fields can be parametrized as
Assuming CP conservation, the mass eigenstates are given by
where we define the basis-dependent ratio
and G 0 are Goldstone bosons, A the pseudoscalar, H ± the charged Higgs, and h, H the light and heavy CP-even scalar, respectively. In the following, we will choose to work in the alignment limit, sin(β − α) = 1, where the h couplings are SM-like.
In the MSSM, the masses of the heavy scalars are clustered around a similar scale, with splittings arising only from small D-terms. However, in a general 2HDM framework, we have more freedom to get more sizable splittings. As a result, we can split the pseudoscalar mass such that m A < m H ∼ m H + , as needed for a model that can fit the GCE (see Sec. V D). In particular, we can write the mass eigenvalues as functions of the quartic couplings in Eq. (3): the charged Higgs, which leads to a very small correction to the ρ parameter. Further constraints arise from the requirement of vacuum stability and perturbativity of the quartic couplings. In Appendix A, we will give examples of viable quartic couplings that are able to produce the spectra that we use in Sec. V D, including the right mass for the SM-like Higgs boson discovered at the LHC.
Finally, additional constraints on the scalar spectrum come from flavor transitions. In general, both Higgs doublets can couple to up and down quarks, as well as to leptons, with generic Yukawa couplings. However, the most general Yukawa couplings lead to excessively large contributions to flavor changing neutral transitions. This has led to the various well-known "Types" of 2HDMs, in which different discrete Z 2 symmetries are imposed; the two Higgs doublets have different Z 2 charge, thus forbidding some of the Yukawa couplings. This condition also reduces the number of free parameters in Eq. (3), since the Z 2 symmetry demands λ 6 = λ 7 = 0 2 . In the following, we will focus on a Type-II 2HDM, for which the Z 2 symmetry allows the doublet Φ u to only couple to right-handed up quarks and the doublet Φ d to only couple to right-handed down quarks and leptons. This type of 2HDM is interesting, since the MSSM at tree level is a particular limit of Type-II 2HDMs.
III. COLLIDER SIGNALS
In this section we present model-independent collider bounds on the new Higgs sector coupled to DM. We will keep the discussion as general as possible, considering a single new pseudoscalar and dark matter particle with coupling as in Eq. (1) . Collider signals of simplified models of dark matter coupled to new scalars have also been discussed recently in [39, 40] . For the set of models we consider in this paper, there will also be a rich set of collider signals associated with new charged states, such as the charged Higgs and the additional charged fermion states. We will discuss these in Section V.
A. Present bounds
In a Type-II 2HDM, the A coupling to down-type quarks, and charged leptons, is given by y f tan β, where y f = m f /v, with m f the mass of the corresponding fermion. Assuming a Majorana fermion DM χ with interaction as in Eq. (1), the invisible decay width of the heavy pseudoscalar is given by while the visible decay width is
where n c is the number of colors of the final state SM fermion. Depending on the values of y χ and tan β, different LHC search channels can play a role.
In Fig. 1 we compare the constraints on the visible and invisible A decay from current LHC searches. In the same figure, we also give 14 TeV projections for each of these searches, as discussed in Section III B. In each case, we assume the maximal possible branching ratio in order to show the optimal sensitivity that could be achieved in each channel. More precisely, in the case of the pseudoscalar decaying to bottom quarks and τ leptons, we assume y χ = 0 and in the case of the pseudoscalar decaying invisibly, we assume BR(A → χχ) → 1. For simplicity, results are shown in the narrow width limit for the pseudoscalar.
In the absence of invisible decays, in a Type-II 2HDM at large tan β, the branching ratio of A to τ τ is about 10% and the one to bb about 90%. The most stringent LHC constraints on A come from heavy MSSM Higgs boson searches. The main production modes of A are in association with b-quarks and in gluon fusion with a heavy quark loop. For A → bb, we use the 7 TeV analysis from CMS [41] . For A → τ τ , we take the 8 TeV results from ATLAS [42] , which gives slightly stronger limits at high m A compared to the CMS analysis [43] . In order to derive conservative constraints, we assume that the heavy CP-even Higgs is somewhat heavier than the pseudoscalar, so that only the pseudoscalar contributes We also show the 8 TeV limits from the tt + ET search [48] .
to the invisible or visible signature. This is different than the typical models used by the LHC experimental collaborations to interpret heavy Higgs searches [41] [42] [43] , in which m A = m H and both the pseudoscalar and heavy CP-even Higgs contribute to the signature. The A → χχ decay mode gives rise to a b+ E T (mono-b) signal in b-associated production. To derive constraints, we simulate the signal with MadGraph5 [44] , PYTHIA [45] and DELPHES [46] , and compare with the signal region SR1 in the ATLAS analysis [47] . As Fig. 1 shows, the τ τ channel gives the strongest constraint. This is the only channel for which a reconstruction of m A with m τ τ is possible, and furthermore can have smaller backgrounds if a leptonic τ decay is considered. Fig. 1 assumed maximal branching ratios in each case. The relative importance of the constraints is modified when both invisible and visible decays have sizable branching ratios. Next, we consider the interplay of these searches, as well as the requirement of a thermal relic. For concreteness, we focus on DM with mass m χ = 50 GeV, where the dominant annihilation channel is through a pseudoscalar of mass m A = 160 GeV, such as that favored by the GCE (see Section V D).
The constraints on the two free parameters y χ and tan β are shown in Fig. 2 . For both visible and invisible decays in b-associated production, a minimum tan β can be reached since the production mechanism relies on the Abb coupling, which is tan β enhanced. Furthermore, as expected, the mono-b search covers the large y χ region, which is difficult to probe with the bbb search. In Fig. 2 , we also show limits at low tan β coming from the search for a pseudoscalar decaying invisibly and produced in association with top quarks [48] . This search is able to exclude values of tan β ∼ 1, above which the production cross section becomes too small 3 . From the figure, we can see that the tt + E T and bτ τ signatures are complementary to probe the region of parameter space where DM is a thermal relic. The b + E T search, instead, is not effective in this region.
Finally, in this context, it is interesting to understand where the SM-like Higgs boson discovered by the LHC is placed. The most stringent direct bound on the branching ratio of the Higgs decaying invisibly comes from the CMS analysis [49] that combines the searches for a Higgs produced in vector-boson-fusion and for a Higgs produced in association with a Z boson. This analysis is able to put a bound on the branching ratio into invisible at 58% at the 2σ level. Additional bounds come from searches for a Higgs produced in association with tops and decaying invisibly. Following the results in Ref. [48] , the branching ratio into invisible is bounded at 40%. Using this latter bound, the SM Higgs coupling to DM is then constrained to be about 0.02, with which a thermal relic is possible in only-Higgs mediated models when m χ is very close to m h /2 [50] . This is a much stronger bound than we get from the b + E T signature, which is only able to constrain at best a coupling of y χ ∼ 1 for the same scalar mass.
B. LHC Run 2 projections
In Figs. 1-2, we also show projections for the 14 TeV LHC with 300/fb integrated luminosity.
For the mono-b limits, we simulate events with the cuts in [2] , taking advantage of the background simulation already done there. A full projection for the visible channels requires modeling of the gluon fusion to A processes, as well as the SM bbb, τ τ and bτ τ backgrounds. A detailed collider study is beyond the scope of the current paper. We present a simple estimate for these channels. We extrapolate both signal and background based on pdf luminosity, assuming for the signal on-shell production of a new heavy mediator. Our method is similar to that in [51] , but we have also to include the b−quark PDF in our analysis. Combining these results gives an estimate for the improvement in S/ √ B, which we use to determine the improvement in the tan β bound for each given m A . For this reason, in Fig. 1 the projection for the bbb search is only shown up to m A = 350 GeV. In all cases, for A production, we consider only b-associated production. The gluon fusion channel will become important at low values of tan β. For the values of tan β probed at 8 TeV, we have checked that gluon fusion is subdominant if compared to b-associated production, with the explicit cross section limits on gg → bbA given in Refs. [42, 43] . Therefore, the projections for 14 TeV can be regarded as conservative, in that they ignore the additional constraining power from gluon fusion.
Two comments on the figures are in order: projections of the bbb and bτ τ channels show that, as expected, the bound on tan β from the A → bb decay will be weaker than the bound from A → τ τ . Still, the difference in the reach of the two channels is not that large, especially at low values of m A , motivating the search for A → bb with additional data beyond the 5/fb 7 TeV set. Additionally, as we can see from Fig. 2 , improved constraints on the bτ τ (bbb) and tt+ MET channels from LHC run 2 could help cover almost the entire region of parameter space where DM is a thermal relic.
IV. EXTENDED HIGGS PORTAL MODELS
Models of scalar DM coupled to an extended Higgs sector have been studied extensively in the literature, including the case with a 2HDM Higgs content [52] [53] [54] [55] . Especially for light DM, this is a much more constrained scenario than for fermion DM, as we review in the following.
If DM is assumed to be a real scalar, S, and a gauge singlet under the SM, the lowest dimension gauge invariant operator that allows direct couplings to the SM Higgs is [56] 
where Φ is the SM Higgs doublet. However, for DM mass m S m h /2 the large values of λ S needed to sufficiently deplete the abundance of S before freeze-out are in strong conflict with constraints from the invisible width of the SM Higgs. For heavier masses, aside from a small window of viable parameter space very close to the Higgs resonance, LUX [57] rules out thermal DM for m S 100 GeV [50] (see also [58] , for a recent analysis). However, this does not have to be the case if the model is slightly extended beyond the simple Lagrangian of Eq. (12) . A concrete example is the singlet scalar extension of a 2HDM. Once again, the singlet scalar S is the DM candidate, but it now possesses interactions with Φ d,u through the terms
The introduction of a second Higgs doublet allows S to annihilate through an s-channel H as well. For CPconserving interactions, annihilation through A is not allowed. As a result, it is possible to slightly uncouple the annihilation rate from the coupling of the SM Higgs with DM and thus ease the tension with the invisible Higgs and LUX constraints to some degree. However, doing so can require tunings in the couplings above, in order to sufficiently suppress the interaction strength with the SM Higgs. Furthermore, since the heavy H also leads to spin-independent (SI) nucleon scattering, thermal DM Field Charges Spin 
below 100 GeV is still very restricted by direct detection constraints. More detailed analysis of the model can be found in Ref. [52] .
Another option is to consider fermion DM. We begin by summarizing the constraints on a model with the Higgs sector given just by the SM Higgs. Light thermal DM is particularly difficult to achieve. In particular, a strictly weakly interacting fermion DM candidate is in strong tension with the null results of current direct detection experiments. For example, a DM candidate like a 4th generation heavy Dirac neutrino has Z couplings that would lead to a nucleon elastic scattering rate many orders of magnitude beyond what is currently allowed by LUX (see e.g. [50] ).
A fix for this issue is to introduce a new gauge singlet fermion that is allowed to mix with the active components of the DM after electroweak symmetry breaking. This can be explicitly realized by coupling the sterile and active components through renormalizable interactions involving the SM Higgs. Dubbed "singlet-doublet" DM [12] [13] [14] , the simplest possibility is to introduce a Majorana gauge singlet and a vector-like pair of SU (2) doublets. Since the mixing of the DM candidate originates from Yukawa interactions with the SM Higgs, such scenarios generically are quite constrained by spinindependent direct detection limits, and for light DM this usually necessitates living somewhat near "blindspots" of the theory, where the coupling to the SM Higgs is strongly suppressed. Furthermore, since annihilation through the SM Higgs is velocity suppressed, to accommodate a thermal relic, DM annihilations involving gauge bosons need to be the dominant channel, and for DM lighter than ∼ 80 GeV, this demands a strong coupling to the Z. However, precision electroweak measurements near the Z-pole strongly constrain such a coupling when m χ m Z /2 [59] . Hence, additional annihilation mediators would greatly benefit the prospects for light thermal DM.
In light of this reasoning, in the next section we will study a model that adds a second Higgs doublet to this simple fermion DM scenario. The singlet-doublet case discussed above is one particular limit of this model. As we will see, the extension to a 2HDM vastly alleviates the tension of O(100) GeV singlet-doublet DM with current experimental constraints. 
V. FERMION DM IN A 2HDM
We define a simple UV-complete extension of the SM, whose scalar sector is that of a Type-II 2HDM, and whose DM sector consists of one gauge singlet Weyl fermion, S, and two Weyl SU (2) doublets D 1 and D 2 , oppositely charged under U (1) Y , as shown in Table I . We assume that the fermionic fields of the dark sector are Z 2 odd, ensuring the stability of the lightest state.
The DM sector Lagrangian has the terms
where 2-component Weyl and SU (2) (13) is the singlet-doublet model discussed in Section IV and can be identified as the limiting case of tan β 1 in the uu model. In this paper, we do not perform an analysis of this model, as it has already been covered in great detail in [13] and [14] . Furthermore, since the du and ud model can be mapped into each other by a simple switch of y 1 ↔ y 2 , only one systematic study of the two is needed.
Although the du model embodies the spirit of binoHiggsino DM in the MSSM, it allows much more freedom since we are freed from restrictions such as the Yukawa couplings being fixed by the gauge sector, and compared to singlino-Higgsino DM in the NMSSM, the model requires fewer new degrees of freedom 4 . For simplicity, we 4 Bino-Higgsino mixing of the MSSM can be related through the take all couplings to be real, and work in the convention M S , M D > 0. Keeping the sign of M D and M S fixed, we see that we can parity transform just S → −S or both
Either of these choices in field re-definitions results in simultaneously flipping the sign of y 1 and y 2 . However, their relative sign remains unchanged. Therefore, the only physical sign in our couplings is that of y 2 /y 1 . Hence, we will often trade the couplings y 1 , y 2 in favor of y and tan θ defined by
The DM doublets are parametrized as
where ν 1,2 , E 1,2 are the neutral, charged components of the doublets, respectively. E 1 and E 2 combine to form an electrically charged Dirac fermion of mass M D . To avoid constraints coming from chargino searches at LEP, we only consider values of M D 100 GeV [60] . After electroweak symmetry breaking, one ends up with three Majorana mass eigenstates, in general all mixtures of the singlet S and the neutral components (ν 1 and ν 2 ) of the SU (2) doublets. In the (S, ν 1 , ν 2 ) basis, the neutral mass matrix for the fermionic dark sector is
where v 1,2 are the VEVs of Φ 1,2 . The lightest mass eigenstate of M neutral will be the stable Majorana DM candidate, which we write as a 2-component Weyl fermion χ α . We will denote the χ α composition in terms of the gauge eigenstates as
In most of the viable parameter space for thermal DM, especially for light DM m χ O(100) GeV, it is usually the case that the χ is singlet-like and m χ ∼ M S M D . This is because a large doublet component is strongly constrained by direct detection. Therefore, it is useful to write down the approximate form of N χ S,1,2 when both M S and y 1,2 v 1,2 are much smaller than M D . In this limit, one finds
where g is the hypercharge gauge coupling, M 1 is the bino soft SUSY breaking mass, and µ is the Higgsino mass term. For singlino-Higgsino mixing of the NMSSM, the appropriate identifications are y ↔ √ 2λ, tan θ ↔ +1, M S ↔ µ + 2κs, and M D ↔ λs, where λ is the Yukawa coupling for the trilinear singlet-Higgs interaction of the superpotential, µ is the supersymmetric mass term for the singlet, κ is the Yukawa trilinear self-interaction for the singlet, and s is the VEV of the singlet scalar.
A. Interactions
We present the relevant DM interactions in this section. For the rest of the analysis, we will give our analytic expressions in terms of 4-component notation, since they can be written in a more compact form. We write the charged state as E, a Dirac fermion of electric charge Q = −1 and mass M D .
The interactions of χ with h, H, A, and H + are
The full forms for these couplings are given in Appendix B. Note that in their explicit analytic form in Eqs. (B6)-(B9), the Higgs couplings are proportional to y 2 , reiterating that the only physical sign is that of tan θ. All of these couplings rely on the singlet-doublet mixing. Also from Eqs. (B6)-(B9), it is important to note that, as long as D 1 and D 2 couple to the same Higgs doublet (i.e. the dd and uu models), there is a generic "blind-spot" of the theory that is independent of tan β: for (m χ + M D sin 2θ) ∼ 0 the couplings to the CP-even scalars identically vanish. We will often be considering the case where m χ M D , since a large doublet component is strongly constrained by direct detection. In this limit, the blind-spot in these scenarios will necessitate | tan θ| 1 or | tan θ| 1, along with tan θ < 0. Furthermore, for m χ M D , it is particularly simple to write the coupling of χ to the neutral Higgs bosons as
where
are the projections of the physical Higgses into the gauge eigenstates, as defined in Eq. (B1), and are functions of tan β.
Through mixing with ν 1 and ν 2 , χ can also have interactions with the electroweak gauge bosons of the form
such that
where the latter approximate expressions hold for m χ ∼ M S M D . g is the SU (2) gauge coupling and c w is the cosine of the Weinberg angle. It is apparent that, for M S M D , g χZ is small, and, furthermore, even for large SU (2) doublet mixing, g χZ can vanish identically if N χ 1 = ±N χ 2 , i.e. when tan θ = ±v 1 /v 2 . For the sake of brevity, we have not written down the interactions of the heavier Majorana mass eigenstates of the theory. Although such terms are only relevant when the mass splittings are not too large, we do include them in our final analysis.
The analytic forms for the Higgs and gauge interactions we have written down so far are not completely general, since they depend on the sign of the mass terms for the physical states of the theory. In particular, if upon diagonalizing to the mass eigenstate basis we encounter states with a "wrong sign" mass term, a field redefinition that preserves the Majorana character of the field must be performed, e.g. χ → iγ 5 χ. This transformation preserves the canonical form of the kinetic terms, but may introduce additional γ 5 's or i's in the interaction terms. These changes lead to physical consequences. The explicit analytic expressions written down in this paper must then be appropriately modified if this is indeed the case.
B. General Constraints
To be considered as a realistic DM candidate, χ must satisfy a handful of experimental constraints: 2. The scattering rate of χ with nuclei is below the current limits from LUX [57] and XENON100 [61] .
3. If m χ < m h /2, then BF(h → χχ) 19%, coming from global fits to the observed Higgs couplings [62] . Note that our results do not change appreciably if we impose weaker bounds on the invisible Higgs decay at the level of 50 − 60%, as obtained from direct searches [49, 63] Relic Density. For DM masses m χ 80 GeV, the dominant annihilation channels governing freeze-out and annihilation today are s-channel exchange of Z and/or A (if A is sufficiently light). Since χ is Majorana, for Zexchange the s-wave contribution is chirality suppressed by the mass of the final state SM fermions. Meanwhile, A-exchange is also suppressed by fermion mass but can be enhanced for large tan β.
For more massive DM, specifically when χ is sufficiently heavier than m W , χ can annihilate into pairs of 
W
± 's or Z's, and both of these processes are in general unsuppressed by the χ relative velocity. Once m χ is taken to be larger than a few hundred GeV, annihilations to pairs of scalars become relevant, which depends on additional couplings in the full Higgs sector. We will therefore restrict our study to the parameter space where χ is sufficiently light such that final states including H, A, and H ± do not contribute significantly to the calculation of Ωh 2 . With this simplifying assumption, we can safely ignore the heavy Higgs self-interactions present in the full 2HDM Lagrangian.
We find that in the calculation of Ωh 2 , resonances and co-annihilations can play an important role in setting the relic abundance in certain regions of parameter space. Since a proper calculation of Ωh 2 requires a careful treatment of such effects, we implement our model with FeynRules 2.0 [64] and micrOMEGAS 3.6.9 [65] in the calculation of the relic abundance and numerically scan over the parameter space of our different models. In doing so, we have checked the output of the dominant annihilation channels analytically.
We will represent the regions with the correct relic density in black in our summary plots of Figs. 4 and 5.
Direct Detection. The dominant contribution to the SI scattering rate of χ off of nuclei is from exchange of the CP-even scalars h, H. The SI χ scattering cross section per nucleon is σ SI, per nucleon 0 = 4µ
where A and Z are the atomic mass and atomic number, respectively, of the target nucleus, and µ χ,n is the reduced mass of the WIMP-nucleon system. f n (where the nucleon n is a proton or neutron) is the effective WIMP coupling to nucleons, which can be written in terms of the quark couplings as
where a q /m q is defined to be
In Eq. (24), we take the quark mass fractions to have the values f
Tq [66] . The effective WIMP-Higgs Yukawa couplings in Eq. (25) are the same ones given explicitly in Eqs. (B6)-(B9). Throughout, we demand that the rate given in Eq. (23) is below the SI constraints from LUX [57] . We will represent this constraint in red in our summary plots of Figs. 4 and 5.
As we will see later in Sec. V C, the sign of tan θ can have important effects on the direct detection rate. Although it will only slightly alter the DM annihilation rate throughout its thermal history, a negative tan θ can allow for a suppressed SI scattering rate as seen by LUX. To illustrate this effect, we show in Fig. 3 the SI nucleon scattering rate (normalized by the LUX limit) for the du and dd models as a function of tan θ and for various representative choices of y, M S , and M D .
In the left plot of Fig. 3 , we show the normalized rate for the du model. For tan θ < 0, Eq. (B6) and Eq. (25) imply that the effective light and heavy Higgs couplings with nucleons can be comparable and opposite in sign. As can be seen in Fig. 3 , this destructive interference between h and H exchange is a generic feature of the du model for tan θ < 0, however the exact point of maximum cancellation depends on the specific choice of y, M S , M D , and tan β. Furthermore, independent of the chosen benchmark of couplings, for large tan β, there is always a suppression at tan θ = y 2 /y 1 = 0, which can be understood as the point of suppressed mixing since both mixing terms y 1 v 1 = yv d cos θ and y 2 v 2 = yv u sin θ are small here.
In the right plot of Fig. 3 , we show the normalized SI scattering rate for the dd model. In this case, the rate can also be suppressed for tan θ < 0. This is because both couplings λ χh and λ χH vanish at a blind spot of the theory when m χ + M D sin 2θ = 0. As can be seen in the figure, the position of the blind spot does not depend much on the values of y and m H . For the M S and M D parameters in Fig. 3 , this occurs at tan θ ≈ −0.15, −6.51.
We next consider elastic spin-dependent (SD) scattering of χ with nuclei via Z exchange, requiring that the DM-neutron cross section 5 is consistent with the constraints from XENON100 [61] . The SD scattering of χ per neutron is σ SD, per neutron 0 = 12µ
where a q is the effective coupling with quarks,
In Eq. (26), we take the quark spin fractions to be ∆ [67] . g χZ is the coupling of DM with the Z boson and is given in Eq. (22) . Here, e is the electric charge of the electron (e > 0), and t w is the tangent of the Weinberg angle.
The constraints on the SD scattering off of neutrons from XENON100 become more important as the doublet mass M D is decreased and the doublet fraction is correspondingly enhanced (of course, if χ is purely doublet, then g χZ vanishes completely as seen in Eq. (22)). We will represent this constraint in orange in our summary plots of Figs. 4 and 5.
Invisible Decays. The constraints from the invisible widths of the SM Higgs h and Z are relevant whenever m χ m h /2, m Z /2, respectively. The invisible branching fraction of the Higgs is constrained to satisfy BF(h → χχ) 0.19 at 95% CL, which comes from a global fit to the visible Higgs channels in which the visible Higgs couplings are fixed to their SM values [62] . Assuming that Γ(h → SM) = Γ SM (h → SM), it follows that the constraint on the invisible width of the Higgs is approximately Γ(h → χχ) 0.99 MeV. From the Lagrangian of Eq. (19) , the Higgs width into a pair of Majorana χ's is found to be
Similarly, electroweak precision measurements at LEP constrain Γ(Z → χχ) 2 MeV [59] . For m χ m Z /2, the Z width into a pair of χ's is
We will represent the constraint from the Higgs (Z) invisible width in gray (brown) in our summary plot of Fig. 5 .
Direct searches for new particles. The model contains additional (possibly light) new particles that can be looked for directly at the LHC: two neutral (H, A) and one charged Higgs boson (H ± ) and two neutral (χ 2,3 ) and one charged (E) fermion, in addition to the DM candidate, χ ≡ χ 1 . In Sec. III A, we have already discussed the LHC bounds on neutral heavy Higgs bosons. Here we comment on the constraints on charged Higgs bosons, as well as on new fermions.
The most relevant LHC charged Higgs searches are for the process pp → tH ± , tbH ± , with subsequent
. These searches, performed with 8 TeV data, probe charged Higgs bosons in the multi-hundred GeV range, but only for very large values of tan β ( 30 − 40), for which the coupling b R t L H ± entering the charged Higgs production is enhanced. In addition to direct searches, flavor transitions such as b → sγ can set interesting (indirect) bounds on the charged Higgs mass: in a Type-II 2HDM, charged Higgs bosons cannot be lighter than around (300-400) GeV [71] . In the following, we will always fix the charged Higgs mass to 300 GeV and tan β 10 in such a way as to avoid constraints from flavor transitions and direct collider searches for heavy Higgs bosons.
LHC searches for electroweak Drell-Yan production can set interesting bounds for the new fermions arising in our model. In particular, the model contains one charged and two neutral fermions, in addition to the DM. These fermions are produced either in pairs through a Z boson (pp → χ i χ i , where χ i = χ 2,3 , E), or in associated neutral-charged production, with the exchange of a W boson (pp → χ 2,3 E). Generically, the latter production mode has the most relevant LHC constraints. LHC searches for supersymmetric Wino associated production giving a 3 + (or 2 +) MET signature can already set bounds on the Wino mass at around 400 GeV for massless lightest supersymmetric particles (LSPs) [72] [73] [74] . In Sec. V D, we will discuss how this bound can be interpreted in our model. 
Summary plot for the du model for y = 0.5, tan θ = −1, and tan β = 7 (left) and for the dd model for y = 1.5, tan θ = −10, and tan β = 3 (right). Shown are contours of Ωh 2 ∼ 0.12 (black) and mχ (blue-dashed) and exclusion regions from direct detection searches at LUX for the spin-independent process (red) and XENON100 for the spin-dependent process (orange). In both cases, the masses of the heavy scalars are fixed to be 300 GeV.
C. Discussion on DM above 100 GeV
Among all of the interactions of our DM candidate χ, the coupling to the pseudoscalar A is key in opening up viable parameter space. Annihilation through an schannel pseudoscalar is s-wave, and if it happens not too far from the pseudoscalar resonance,
then it is possible to obtain Ωh 2 ∼ 0.12 even for a large singlet fraction. And unlike the interactions of χ with h and H, χ scattering off of quarks via exchange of the pseudoscalar A is spin-dependent (SD) and further kinematically suppressed by four powers of the momentum transfer, q 4 , where q is typically of order 100 MeV. In exploring the parameter space of the model, we have found that it is difficult to find thermal DM candidates very far away from pseudoscalar resonances. When the relic density is not governed by resonances (or coannihilations) to any significant degree, there must be large mixing in the gauge eigenstate makeup of χ in order to obtain the correct abundance. Since this mixing hinges on the Yukawa interactions (see Eq. (18)), this will also increase the DM scattering rate off of quarks. Such regions are generally ruled out by LUX or XENON100, except near special blind spots, as discussed above.
We present benchmarks for two of the models of Table II in Fig. 4 . As previously mentioned, the du and ud models can be related to each other by replacing tan θ with its inverse, and the uu model in the large tan β limit reduces to only coupling the SM Higgs to the dark sector. We therefore only explore the parameter space for the models du and dd.
In this section, we focus on m χ 100 GeV, which also easily avoids constraints from the invisible width of the Z or h. Prospects for lighter DM (m χ 100 GeV) will be presented below in Sec. V D. We also choose to work with sufficiently light χ, such that annihilations to final states including one or more heavy Higgs are negligible. This therefore favors scalars of mass around a few hundred GeV in order for a pseudoscalar resonance to be relevant, and so we fix m A = m H = m H ± = 300 GeV in order to simplify the scan of the parameter space. We note the model would work just as well for heavier scalars and correspondingly heavier DM.
In. Fig. 4 , we show constraints in the (M D , M S ) plane for representative choices of y, tan θ, and tan β that give viable parameter space for thermal relic DM. Our choice of parameters satisfies the constraints from direct searches for heavy Higgs particles in the bτ τ and bbb final states, as discussed in Section III. Furthermore, since the pseudoscalar-DM coupling λ χA O(0.1) in the full M D − M S plane we present, mono-b searches are much less sensitive to this model.
In both du and dd models, we clearly see the least constrained region for thermal relic DM is where m χ ∼ 150 GeV. The thermal relic line extends to larger M D (larger singlet fraction) as the DM mass approaches the resonant region, which is centered slightly below m χ = m A /2. This can be understood as thermal broadening of the resonance near freeze-out. Another feature in the thermal relic line can emerge if tan β is not too large: in the right frame of Fig. 4 , for m χ 175 GeV, there can be dominant annihilations to top quarks through s-channel exchange of a light or heavy Higgs.
Although the pseudoscalar resonance region will remain viable for many different parameters, the proximity or tuning of m χ to m A /2 depends on the choice of tan θ or y. The thermal relic line in the figures will shift to larger values of M D for a fixed M S for large | tan θ|.
(The relic abundance is only slightly affected by the sign of tan θ.) This is because, in both du and dd models, for large | tan θ|, |y 2 v 2 | |y 1 v 1 |, which then implies (using Eq. (18) The SD constraints (the orange region in Fig. 4) do not rule out much of the viable thermal relic parameter space that SI constraints do not already exclude. The importance of considering SD scattering via Z exchange is still illustrated in the du model, where XENON100 limits are more powerful than LUX limits for M D values of 200 GeV. The SD limits do not depend on Higgs couplings and are able to constrain the parts of the parameter space close to where h and H exchange interfere and suppress the SI scattering rate.
Finally, as already introduced in the previous subsection, additional constraints might come from the LHC direct search of electroweak Drell-Yan production. However, in the regime with not too light DM, m χ (100 − 150) GeV, there are no bounds even for M D of around 200 GeV [72, 73] .
D. Light DM and the GCE
In this section, we investigate the viability of the models to describe DM with mass below ∼ 100 GeV. Although much of the physics near the pseudoscalar resonance is similar to that of the previous section, we additionally require that the model could provide a reasonable fit of the Galactic Center Excess. For model building in a similar direction that can additionally describe the 3.55 keV X-ray line, see [75] .
One simplified model that has received much attention in its ability to describe this signal is just that of Eq. (1) . Since the annihilation is s-wave, the rate can still be large today. Moreover, a relatively light pseudoscalar is favored in UV-complete realizations to get around numerous constraints [30] [31] [32] . The same is true in our models, since a pseudoscalar of around 100-200 GeV will be needed for the DM to annihilate nearresonance. As discussed in detail in Sec. II, we therefore implement the freedom in a general 2HDM to have a sizable splitting between the pseudoscalar mass and the heavy/charged Higgs mass and fix m A = 160 GeV and m H = m H ± = 300 GeV. This allows χ to be relatively close to a pseudoscalar resonance, while the other scalars are heavy to evade direct detection and other constraints.
We now add the following criteria to the list of demands enumerated in Sec. V B for χ to be considered a realistic DM candidate consistent with the GCE :
1. Since annihilations through a light pseudoscalar proceed dominantly to final state bottom quarks, we restrict the mass of χ to lie in the range 50 GeV ≤ m χ ≤ 70 GeV in order to fit the spectral shape of the GCE spectrum (this is represented in blue in Fig. 5 ). 2. In order to ensure the approximate normalization for the GCE signal, the annihilation rate must satisfy 0.5 × 10 −26 cm 3 /s ≤ lim v→0 σv ≤ 4 × 10 −26 cm 3 /s [28] (this is represented in green in Fig. 5 ).
In Fig. 5 we show benchmark scenarios for m χ 100 GeV, highlighting the regions that fit the GCE. We again consider the du and dd models and scan over the (M D , M S ) plane. We make a similar choice for y, tan θ, and tan β as in Sec. V C. For both models, the qualitative behavior of the direct detection constraints is similar to the previous section. Again, since the pseudoscalar-DM coupling λ χA O(0.1), mono-b searches would have very little sensitivity to the relevant parameter space. 
Examples of viable parameter space for the GCE. In the left panel we show the du model; in the right the dd model. A DM with the correct relic density, mass, and s-wave annihilation cross section for the GCE is found when there is an overlap of the solid black curve, the blue dashed region, and the green dashed region. Regions are excluded by direct detection searches at LUX for the spin-independent process (red) and XENON100 for the spin-dependent process (orange). In brown and gray we show the regions excluded by Z → invisible and by h →invisible, respectively (these place no constraints on the dd model parameter space shown). In both models, the masses of the heavy scalar and charged Higgs are fixed to be 300 GeV. The pseudoscalar mass is 160 GeV.
For both models in Fig. 5 , the GCE excess can be explained while avoiding direct detection limits if χ is mostly singlet-like and near a pseudoscalar resonance. We also see the effects of annihilation near the Z, h poles (the latter only for the du model), which is visible in the thermal relic contour at around M S ∼ 45, 60 GeV, respectively. This effect is not present for lim v→0 σv ; for Majorana fermions annihilating through an s-channel vector mediator (or Dirac fermions with only axial couplings) there is no resonant enhancement in the s-wave contribution to σv [76] and annihilation through an schannel scalar mediator is p-wave for fermionic DM.
The favored region for the du model is for M D ∼ 300 GeV − 1 TeV, and m χ ∼ M S = 60 − 70 GeV. Due to the relatively smaller mixing induced in the dd model, the appropriate GCE parameter space requires a smaller M D ∼ (200 − 500) GeV. We also emphasize that, although we have presented only two benchmark scenarios here, these choices of models and parameters of the DM sector are not particularly special or highly finetuned. In particular, all models with a pseudoscalar that is not too heavy, tan θ < 0, and not too small tan β could give a good fit of the GCE. Of course, pseudoscalars even lighter than 160 GeV would be suitable to obtain a large enough annihilation rate. For example, a pseudoscalar mass around 100 GeV is even better suited for the GCE.
For lighter m A 100 GeV, then there are currently no LHC direct searches for pseudoscalars (although this may be possible in the future [77] ) and only very weak constraints from heavy Higgs searches at LEP [78] are applicable. However, such very light pseudoscalars are more difficult to be achieved within our 2HDM scalar sector (see Appendix A for more details).
We finally comment on the additional constraints we have to consider for these models with light DM, and consequently with new relatively light electrically charged degrees of freedom (E in Eq. (19) and Eq. (21)). We first note that the constraint from the invisible width of the SM h and Z are not strong and can exclude only a small region of parameter space in the du model at light M D , which is already excluded by LUX and Xenon100 constraints.
Additionally, having new light and SU (2) charged degrees of freedom can introduce corrections to electroweak precision observables. However, we have checked that the contributions to the T parameter from loops of the new fermions is negligible (at most at the level of ∆T ∼ 10 −4 − 10 −3 in the region of parameter space favored by the GCE) [79] .
Finally, constraints on the parameter space come from LHC direct searches for Drell-Yan production of electroweak particles. For the models shown in Fig 5, the electroweak spectrum needed to fit the GCE contains several new light fermions in addition to DM. In particular, for the dd model, we have two additional neutral fermions χ 2,3 and one charged fermion E, all with mass close to M D ∼ (200 − 500) GeV range and with splittings smaller than a few GeV amongst the states. Constraints from LHC searches of neutral-charged Wino associated production, resulting in a 3 + (or 2 +) MET signature, are the most important to constrain our scenario. In particular, combining the 2 and 3 searches, the ATLAS collaboration sets a bound at m Wino ∼ 400 GeV, under the assumption of 100% branching ratioW ±W 0 → W ± Z + E T and massless LSP [73] . This corresponds to an exclusion on σ(pp →W ±W 0 → W ± Z + E T ) 30 fb. In the following, we discuss how to interpret this constraint in terms of our model.
As discussed in Sec. V, the fermion content of our model resembles the one of the MSSM with a Bino-like LSP and Higgsino-like NLSPs. However, in our model the heaviest fermions χ 2 and χ 3 have a sizable branching ratio χ 2,3 → Aχ 1 , as long as it is kinematically accessible (M D 220 GeV for the benchmarks in Fig. 5 ). Then it is easy to check that, in the dd model, the cross section for pp → χ 2,3 E → W Zχ 1 χ 1 is always smaller than the excluded cross section (30 fb) in the entire region of parameter space for M D 220 GeV. Below 220 GeV, the decay into a pseudoscalar is not accessible and the branching ratio for the decay χ 2,3 → hχ 1 is not large enough to suppress sufficiently the χ 2,3 E → W Zχ 1 χ 1 channel. Therefore, in the dd model, the region M D 220 GeV of Fig. 5 has already been probed by the LHC direct searches of Drell-Yan production of electroweak particles. On the other hand, the region of parameter space favored by the GCE in the du model has not been probed by these LHC searches yet, since the additional fermions are heavier (M D 300 GeV).
E. Future tests of the model.
Our model can be further probed at LHC Run II by the search of the various light degrees of freedom. In particular, as shown in Fig. 2 , pseudoscalar searches (with the pseudoscalar decaying either to taus or invisibly) will be able to test almost entirely the region of parameter space able to predict a thermal DM candidate, if both the DM and pseudoscalar are relatively light ( m DM < m A /2 and m A below ∼ 200 GeV). Furthermore, at the Run II of the LHC, with 300 fb −1 data, searches for Drell-Yan production of electroweak particles will be able to probe Wino masses as high as ∼ 840 GeV [80] , under the assumption of 100% decay forW ± → W + E T and forW 0 → Z + E T . This can be translated into a bound on M D at the level of ∼ 300 GeV in the dd model for the GCE region 7 .
7 Note that for M D above ∼ 350 GeV, a new decay mode for E becomes available E → H ± χ 1 , suppressing even more the cross Finally, our model also predicts additional signatures that can be searched for at the LHC. As discussed above, Drell-Yan production can dominantly lead to pp → χ 2,3 E → W Aχ 1 χ 1 , with A →bb, τ τ , or even χ 1 χ 1 . Similar signals have A replaced by h. In particular, for M D ≤ 300 GeV, the new scalars will have sizable branching ratios into the χ i and E fermions: the charged Higgs can decay to DM and to a charged fermion E, H ± → Eχ 1 , producing a W + E T signature; the heavy scalar can decay to DM and to an additional neutral fermion H → χ 1 χ 2,3 , with χ 2,3 possibly decaying to χ 1 plus a Z, h, or A. It will be interesting to investigate the potential of the pp → tbH ± , H ± → W + E T and pp → tt (bb) H, H → χ 1 χ 2,3 → 2 (2b, 2τ ) + E T channels in probing our model.
VI. CONCLUSIONS
Viable theories of weak scale dark matter are under increasing pressure from the unyielding progress of current direct detection and collider experiments. Simplified models of dark matter that introduce preferred pseudoscalar interactions with quarks explain the null results of LUX, while still motivating interesting collider searches in the form of mono-b or tt + E T processes. If the pseudoscalar is introduced in the context of a general 2HDM, we have shown how the freedom in the scalar potential allow the pseudoscalar to be slightly decoupled, m A < m H ∼ m H ± . Motivated by this framework, we have presented current and projected limits from missing energy and heavy Higgs searches at the LHC at energies of 8 and 14 TeV.
We have also introduced a concrete realization of a model that couples a Type-II 2HDM to a fermionic dark sector consisting of a singlet and a pair of SU (2) doublets. The lightest Z 2 odd particle, χ, is a dark matter candidate that possesses couplings to the scalars after mixing between the singlet and doublet. This model has analogues in the MSSM with bino-higgsino DM, and singlino-higgsino DM in the NMSSM, but we allow arbitrary couplings and scalar spectra. To simplify the presentation, we consider a discrete subset of couplings of the SU (2) doublets to the two Higgs doublets. Considering direct detection, h and Z invisible decay, and other collider constraints, we identify regions of parameter space with thermal relic DM below a few hundred GeV. In all of the parameter space that we have presented, thermal relic χ remains unconstrained if its mass is in proximity to a pseudoscalar resonance.
For m χ 100 GeV, this model can describe the excess gamma-rays coming from the GC as measured from the Fermi satellite. A good fit to the gamma-ray data is given by DM annihilation to b-quarks with DM mass in the section for the process pp → χ 2,3 E → W Z + E T . range 50-70 GeV. For these masses, we find that the preferred scalar spectra has a light pseudoscalar of around 160 GeV and heavier scalars at around 300 GeV. There are numerous LHC tests of the model, in the context of the GC excess. Precision Higgs coupling measurements can constrain the 2HDM that give rise to such light pseudoscalars. LHC searches for jets plus MET or the visible decays of new heavy scalars can cover much of the parameter space at the 14 TeV LHC. Consistency with the GCE generically also predicts new electrically charged states in the mass range of 200 − 1000 GeV. At Run 2, direct production of these new states can be searched for in the 3 + E T channel. In addition, there are additional new collider signals with MET, heavy flavor, and gauge or Higgs bosons that result from the model. These new signatures may be valuable to study in future LHC data, independently of the specific model we have presented.
where g and g 1 are the SU (2) and U (1) gauge coupling, respectively. 
where, in the alignment limit, the coefficients N 
Analytic results are obtained by taking partial derivatives with respect to v 1 or v 2 of the characteristic equation Det(M neutral − m χ ) = 0 and then solving for the couplings λ χ1 and λ χ2 defined by
With these unphysical couplings in hand, the physical ones to h, H, A can be obtained,
where these couplings are exactly the same ones as defined in Eq. (B3). By following this procedure for each of the du, ud, dd, uu models, we find: 
The ud model is related to the du model by θ → π/2 − θ along with the pseudoscalar coupling, λ χA , flipping sign. The uu model, instead, is related to the dd model by β → β + π/2.
